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Magnetic Data Tagging 
Field of the Invention 

This inventiqn relates to the field of data storage on a magnetic tag, particularly but 
5 not exclusively for use as a replacement for optical bar codes. 

Background 

Various forms of goods identification or tagging are well known. These include 
optical bar codes, RFID (radio frequency identification), EAS (electronic article 
10 security), magnetic data recording and magnetic sensors. 

Optical bar codes are widely used and have the advantage of being low cost and easy 
to manufacture through the use of standard printing techniques. However, a bar 
code reader system requires a direct optical path between the reader and the bar 
15 code on an item tag. 

RFID is a relatively expensive technique, although widely used commercially for 
many applications including animal tagging and airport baggage labelling. The 
technology is based on a silicon chip attached to an inductive (a.c. magnetic) 
20 antenna. The silicon chip incorporates a simple receiver and transmitter as well as a 
processor and data storage. An RFID tag is interrogated by an external a.c. 
magnetic field, which may be additionally used to power the device. There are many 
manufacturers of RFID devices and systems, including GEM Plus, Texas 
Instruments and Philips. 

EAS (Electronic Article Security) relates to the application of a tag or label that is 
attached to retail items for security purposes. The presence of the tag can be 
detected by an interrogation system and triggers an alarm when detected. The 
interrogation system is generally placed near the exits of shops and stores to prevent 
30 and deter shoplifting. Most EAS systems utilise a.c. magnetic fields (induction) and 
the tags incorporate specialised magnetic materials that provide a device that is 
either active or de-activated. 
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The concept behind magnetic EAS systems is a method of detecting a magnetic 
marker. There are three main forms of magnetic material used in EAS systems: 
ribbons of spin melt materials, thin film materials and amorphous wires. There are 
three main physical .properties used to detect the magnetic element. The first uses 

i 

5 the magneto strictive property of a material (length changes with the level of applied 
magnetic field). An interrogation ax. magnetic interrogation field is used to excite 
the magnetic element at its natural mechanically resonant frequency. The element is 
detected by the magnetic field it emits as it mechanically resonates. This can be 
described as an acousto-magnetic detection means. For example, US-A-5, 420,569 

10 describes a mechanically resonant magnetic data tag. 

The second effect used is the non-linear B-H loop characteristic of the magnetic 
material. A spatially uniform d.c. (bias) magnetic field is applied to the interrogation 
zone. This is (slowly) varied with time. An a.c. magnetic field, typically at a few 
n kHz, is simultaneously applied. When the tag is biased at the correct level by the 
d.c. field, it generates harmonics of the applied a.c. field that are detected by a 
receiver means. Alternatively a single frequency, typically around 200 Hz, is applied 
to the tag, and high order harmonics detected. These methods may be described as 
'harmonic detection' or 'E.M.' method. 

20 

The third detection method uses the 'Barkhausen 5 effect. A d.c. bias field is applied 
to the magnetic element and this is varied slowly with time. The magnetic material 
has a property that the net magnetisation (M) in the material changes extremely non- 
linearly. A small variation in applied magnetic field (H) causes a large (j um p) 

25 variation in magnetisation (M). Note that the magnetisation M refers to a magnetic 
element and the magnetic flux B applies to the material. The large and rapid change 
in the net magnetisation M of the element can be detected with an external coil, 
which detects an emf (a 'blip') caused by the rapid rate of flux change in the coil. 
This method has been called a 'Barkhausen' effect and the 'best' materials have a 

30 square B-H loop. The magnetic element effectively changes from positive to 
negative saturation when generating a 'blip'. For example, US-A-4,660,025 
describes an EAS magnetic marker based on a single wire or ribbon of magnetic 
material which demonstrates the Barkhausen effect. 
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Further examples of various types of known EAS marker will now be briefly 
described. US-A -4,960,651 describes an EAS marker using thin film magnetic 
materials. US-A-5,083,112 describes an EAS magnetic marker comprising a layered 
lamination of thin film materials. The aim of the layered structure is to produce a 
marker in which the easy axes of magnetisation of all the layers are aligned, so that 
all of the thin films reverse as a single entity and therefore produce a sharp, readily 
distinguishable response. This patent also discloses a bi-directional marker, in 
which the layers are laminated with the easy axis directions at 90° with respect to 
one another. This ensures that a response is achieved for all interrogation field 
directions. US-A-5, 605,768 describes an alternative magnetic EAS marker in which 
data can be stored by an arrangement of parallel wire members on a plane member, 
the easy axis of which is arranged at a particular angle to that of the wire members 
to produce a large Barkhausen effect. US-A-5,005,001 describes an EAS system that 
uses a rotating magnetic field to interrogate a ferromagnetic marker. 

By contrast with tags for use in EAS systems, data or identification tags require the 
ability to distinguish between a number of discrete magnetic elements, the 
arrangement of which encodes the data. For example, in US-A-5, 204, 526, the 
magnetic elements are distinguished by their differing coercivities. As a further 
example, US-A-5, 594,229 describes a magnetic tag comprising a large number of 
randomly dispersed bistable magnetic elements which produce a particular signature 
when interrogated with a linear magnetic field gradient, and so can be used to detect 
counterfeit items. PCT publication WO 96/31790 discloses a magnetic data tag in 
the form of thin strips or linear arrays of magnetically active regions, interrogated 
with a linear magnetic field gradient that is swept in a linear spatial direction. PCT 
publication WO 98/26312 describes magnetic data tags constructed from ribbons of 
magnetic material arranged as a linear array of parallel elements, or in a 'transecting' 
arrangement where the ribbons are arranged as the diameters of a circle or sphere. 
A disadvantage of these types of tag includes their relatively large size and relatively 
low data densities. 
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Summary of the Invention 

According to the present invention there is provided a magnetic tag for storing data, 
comprising a plurality of magnetic layers, each layer exhibiting a directional response 
to an applied magnetic field, wherein the relative orientation of the directional 
5 responses of the respective layers defines the data to be stored. 

The layered arrangement provides a compact and space efficient device, which has a 
relatively high storage capacity. Surprisingly, the structure exhibits only minor 
detrimental magnetic interaction between the layers in the embodiments described. 

10 

Each magnetic layer can comprise a thin film magnetic material on a non-magnetic 
layer, so that compact devices with a relatively high data storage capacity can be 
produced. 

75 The tag can further include a hard magnetic layer for providing a bias field whereby 
the tag is made programmable. 

In one scheme to provide for storage of data while advantageously providing 
improved error tolerance, the angular separation of the orientation of the directional 
20 responses between adjacent layers is arranged in a predetermined progression, for 
example as an incremental progression, such as a logarithmic-gap code. 

According to a further aspect of the invention, there is provided a programmable 
magnetic tag for storing data, comprising a plurality of soft magnetic elements, each 
25 of which exhibit a directional response to an applied magnetic field, further 

comprising a hard magnetic layer for providing a bias field whereby the tag is made 
programmable. The data can be stored in relation to the direction of a remanence 
field in the hard magnetic element. 



30 The invention also provides method of programming a magnetic tag comprising the 
steps of applying a directional magnetic field to the hard magnetic element and then 
removing the magnetic field. 
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According to the invention, there is further provided a method of manufacturing a 
magnetic data tag, comprising arranging a plurality of magnetic layers, each of which 
exhibits a directional response to an applied magnetic field, at an angular orientation 
in relation to one another so that the relative orientation of the directional 

i 

5 responses of the respective layers defines the data to be stored. 

According to a further aspect of the invention, a magnetic data tag manufacturing 
method comprises the step of dividing a magnetic tag sheet into two or more 
sections to provide a plurality of tags, the sheet comprising a plurality of 
w substantially planar magnetic layers, each layer exhibiting a directional response to 
an applied magnetic field, in which the layers are oriented in relation to one another 
so that the relative orientation of their respective directional responses defines the 
data to be stored. 

15 This is a significant advantage of the invention in relation to volume manufacturing, 
in particular, since it provides for the ability to clone a large number of low-cost 
tags from a large sheet of tag material, to produce tags all having the same data 
signature. 

20 In accordance with the invention, there is also provided a magnetic data tag reader 
comprising means for generating a rotating magnetic field in an interrogation 
volume, and a receive coil arrangement for detecting a magnetic data tag in the 
interrogation volume, comprising first and second receive coil pairs disposed around 
the interrogation volume, each of the coil pairs being arranged to be balanced, such 

25 that no net emf is induced across the coil pairs by the rotating magnetic field. 

The invention also provides a magnetic tag reader for reading a multi-layer magnetic 
data tag, comprising transmit coils configured as a thin, flat solenoid for generating 
a rotating magnetic field in an interrogation plane, and a receive coil arrangement 
30 mounted about the thin plane of the solenoid, with substantially zero coupling to 
the rotating field. 
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According to the invention, there is further provided a method of interrogating a 
multi-layer magnetic data tag using a rotating interrogation field, wherein each layer 
of the tag generates two responses for every 360 degree rotation of the field, the 
responses being separated by a nominal gap, comprising determining the deviation 
5 of the gap between two responses from the same layer, from the nominal gap 
between the responses. 

According to the invention, there is also provided a method of reading data stored 
on a magnetic tag comprising a plurality of magnetic elements, each element 

w exhibiting a directional response to an applied magnetic field, wherein the relative 
orientation of the directional responses of the respective elements defines a code 
sequence representing the data when the tag is read in one direction, and an inverse 
code sequence representing the data when the tag is read in the other direction, 
comprising the step of processing the code sequence and the inverse code sequence 

n to produce the same data output. Since the orientation of a tag in the interrogation 
volume may be unknown, producing the same data output from codes read in either 
direction allows the tag to be placed either way up in the interrogation volume. 

According to the invention, there is additionally provided apparatus for reading a 
20 magnetic data tag which comprises a plurality of magnetic elements, each element 
exhibiting a directional response to an applied magnetic field, comprising means for 
generating an interrogation field to read the tag, means for detecting the response of 
the tag to the interrogation field, and means for determining the orientation at 
which the interrogation field is in the plane of the tag. 

Brief Description of the Drawings 

Embodiments of the invention will now be described, by way of example, with 
reference to the accompanying drawings, in which: 
Figure 1 illustrates the physical items comprising the invention, 
30 Figure 2 illustrates the major components and assemblies of the invention, 

Figure 3 illustrates the arrangement of electrical coils used in the '2-D' embodiment, 
Figure 4 shows the arrangement of interrogation coils in the '2-D' embodiment, 
Figure 5 shows one receiver coil set, 
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Figure 6 illustrates magnetic field patterns produced by the invention, 

Figure 7 shows a single magnetic element and its interaction with the interrogation 

magnetic field, 

Figure 8 shows the B-H loop characteristic of the magnetic material comprising a 
5 magnetic element, 

Figure 9 illustrates the detected signal from one magnetic element, 
Figure 10 illustrates a magnetic data tag, 

Figure 1 1 shows output signals from a prototype magnetic data tag, 
Figure 12 illustrates the receiver signals detected from a magnetic data tag, 
10 Figure 13 is a schematic of the receiver electronic circuit, 
Figure 14 is the output from a calibration tag, 
Figure 15 is a schematic of the transmit' electronic circuit, 
Figure 16 is a diagram of a two-digit magnetic data tag, 

Figure 17 is a table of manufacturing tolerances for magnetic element orientation 
it angles, 

Figure 18 is a table of absolute orientation angles used in the tags for codes 00-50, 
Figure 19 is a table of absolute orientation angles used in the tags for codes 51-99, 
Figure 20 shows one method of manufacturing the magnetic data tags in volume, 
Figure 21 is a block schematic of the single-sided reader, 
20 Figure 22 represents a single sided antenna assembly, 

Figure 23 shows details of the printed circuit receiver coils used in the assembly of 
Figure 22, 

Figure 24 shows the analogue output signal from a seven-layer tag, 
Figure 25 is a diagram of a 'conical' scan employed by a reader, 
25 Figure 26 is a flow chart of the single-sided reader processing algorithm, 
Figure 27 is a flow chart for the data acquisition portion of the processing 
algorithm, 

Figure 28 is a flow chart for conversion of data to orientation angles, 
Figure 29 is a flow chart of the two-digit tag-decoding algorithm, 
30 Figure 30 is a flow chart of the four-digit tag-decoding algorithm, 

Figure 3 1 is a flow chart of the variable-length data-decoding algorithm, 
Figure 32 illustrates a programmable tag, 
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Figure 33 illustrates the magnetic vector fields associated with reading the 
programmable tag, 

Figure 34 illustrates the signals detected from the programmable tag, 
Figure 35 is a flow chart for decoding the programmable tag data, 

5 Figure 36 shows a further embodiment of a programmable tag, 

Figure 37 shows the arrangement of receiver coils in a 3-D reader embodiment, 
Figure 38 illustrates the physical arrangement of the receiver coils, 
Figure 39 shows the arrangement of transmit coils in a 3-D reader embodiment, 
Figure 40 shows the physical arrangement of the transmit coils, 

10 Figure 41 shows the physical arrangement of all the coils, 
Figure 42 is a block schematic of a '3-D' reader system, 
Figure 43 shows the interrogation drive waveforms and receive signals, 
Figure 44 shows the convolution function used in processing, 
Figure 45 is a top level flow chart of the 3-D decode processing algorithm, 

15 Figure 46 is a flow chart for the data acquisition algorithm, 
Figure 47 is a flow chart for the field direction algorithm, 
Figure 48 is a flow chart for the 'blip' detection algorithm, 
Figure 49 is a flow chart for the minimisation algorithm, 
Figure 50 is a flow chart for the optimum determination of gap angles, 

20 Figure 51 is an alternative magnetic field generating means for a reader, 
Figure 52 is an alternative embodiment of the magnetic data tag. 

Detailed Description 

Referring to Figure 1, a system according to the invention comprises a magnetic 
data tag, 1, an interrogation unit, 2 and processing electronics, 3 connected to the 

25 interrogation unit by a cable 4. Figure 2 is used to illustrate the major elements and 
terminology used by the inventors in the following text. The tag, 1, is attached to an 
item being labelled or tagged, 5, and is placed within an interrogation volume, 6. 
The construction of the tag, 1, is described below. The tag, 1, is interrogated by a 
magnetic field, 7, generated by a 'transmit* coil set, 8. In response to the 

30 interrogation (or transmit) magnetic field, 7, the tag, 1, generates a detectable 

magnetic field response, 9. The magnetic field response, 9, is detected by 'receive' 
coils, 10. The transmit coils, 8, and receive coils, 10, form an assembly called the 



BNSDOCID: <WO_9935610A1_I_> 



WO 99/35610 PCT/GB99/00081 

-9- 



antenna, 11. The interrogation volume, 6, and the antenna, 11 comprise the 
interrogation unit, 2. The signals produced are processed by electronic processing, 
3 and the data stored on the tag is available at output 12. The unit is powered by 
electrical input 13. * 

s 2-D Aperture Reader 

Figure 3 illustrates the concept for a '2-D scanned interrogation system'. Such a 
system can interrogate one tag in the interrogation volume 6, whose orientation is 
substantially in one plane. This type of system is the simple form and will initially 
be used to explain the interrogation system operation. The tag, 1, is interrogated by 

10 a magnetic field produced by 2 pairs of 'transmit' coils, 15 and 16, 17 and 18. The 
transmit coil pair, 15 and 16, produce an H-field Hy, 19. This magnetic field will be 
substantially uniform across the read aperture. The term 'uniform' is used to 
describe a vector field that has substantially the same amplitude and direction over a 
spatial volume. Coils 18 and 19 produce a magnetic field in the direction H,, 20. 

i$ The receive coils 21 and 22 are both arranged such that their magnetic axis (defined 
as the vector along which an impinging magnetic field vector produces maximum 
electromotive force - emf) is aligned to the Hy and H, directions respectively. 

Each receive coil, 21 or 22, comprises two short solenoid coils of differing 
20 diameters. These two solenoids are shown as 26 and 27 in figure 5. In the example 
embodiment being described, coil 26 is 1 19mm in diameter, 25mm long and 
comprises 60 turns of 0.355mm diameter enamelled copper wire (ecw). Coil 27 is 
86mm in diameter, 25mm long and comprises 110 turns of 0.355mm ecw. The two 
coils 26 and 27 are connected in series to yield the combined receive coil 22. The 
25 receive coil 22 has approximately lmH inductance and 8 ohms resistance. Coil 21 is 
similar, although the diameter is slightly reduced to allow the coils to be orthogonal 
about the same centre point with coil 21 fitting within coil 22. 

The operation of the receive coils is now described. The receive coils pair 21, 
30 comprising coils 26 and 27, are designed such that in the presence of the transmit 
magnetic field, 20, the emfs produced by coils 26 and 27 are equal and opposite. 
Such an arrangement is described as 'balanced' and is achieved by a number of 
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techniques obvious to those experienced in the art. The methods include varying 
the turns ratio between the coils, slight distortions in the enclosed coil area or very 
small orientation changes. When a tag or any other magnetic material is placed 
inside the coil 27, its property of permeability causes the magnetic field flux lines to 

5 link with the material. The effect is to cause more flux to flow inside coil 27 than 
would be the case with no magnetic material. The coil, 21, output emf is 
proportional to the rate of change of linked flux, and when a.c. magnetic fields are 
being used, a net output voltage is observed from the pair of coils, 26 and 27 when 
magnetic material with permeability is put inside coil 27. This feature is known art 

w and is used by magnetometers, instruments used to characterise magnetic material 
properties. The feature of the receive coils 21 or 22 used in the invention is that 
they detect permeability changes in the tag material whilst being insensitive to the 
transmit magnetic fields. Whilst receive coil 21 is insensitive to the transmit 
magnetic field, 20 through 'balance ' it is also insensitive to the transmit field, 19 

15 because of its magnetic axis is orthogonal to the field, 19. 

The operation of the transmit coils will now be described in relation to Figure 4. 
The transmit coils are arranged in pairs, each pair producing an orthogonal magnetic 
field. Coil pairs 15 and 16 are electrically connected in series. In the example, 

20 embodiment coil 15 comprises 90 turns wound over 3 layers with 1mm ecw and is a 
short solenoid 30mm long and 150mm diameter. The combined inductance of the 
coil pair 15 and 16 is 3.3mH. The coil pair 15 and 16 are 110mm apart along their 
magnetic axes. The coil aperture is a 'rounded square'. This allows the second coil 
pair 17 and 18 to sit inside the diameter of the other transmit coils, similarly spaced 

25 110mm apart. The important feature is that the magnetic fields, 19 and 20, 

produced around the tag are uniform and orthogonal. The field produced by each 
coil pair is about 2.75kA/m. Each coil pair is driven by a current waveform. 

The transmit current waveform is designed to produce an H field from each coil 
30 pair: 



H x «A cos((D-t) 
H y«A sin(o t) 



BNSDOCID: <WO 993561 OA 1_l_> 



WO 99/35610 PCT/GB99/00081 

- 11 - 



The resultant field vector produced is a uniform field, 24, perpendicular to plane 23 
and spinning, 25, around the z-axis at the rate to radians per second. In the 
embodiment {described co is set to about 144Hz (the field Spins' 360° 144 times per 
5 second). The upper level of this frequency is set by the speed at which the material 
flips magnetic state. The lower limit is set by the desired data read rate, and an 
increased level of Barkhausen jumps and switching point instability in the magnetic 
material at low rotation rates (e.g. 20Hz). 

w Figure 6 is the output from a two dimensional magnetic field model for one set of 
transmit coils 15 and 16. The coils are physically separated a distance apart, 28, 
along their magnetic axes. In the model a soft magnetic shield, 29, is provided. 
This arrangement of coils is similar to a *Helmholz' arrangement. The coils produce 
a 'uniform' magnetic field, comprising vectors, 24, over the interrogation volume. 

/5 Method of detecting magnetic element 

The operation of a single-element data tag is now described referring to figures 7 
and 8. The tag element, 30, material is a thin film sputtered coat of magnetic 
material on a PET plastic substrate. Material manufactured by 1ST of Zulte, 
Belgium and marketed under the trade name Atalante is suitable (part number - 

20 SPR97017A). The material has 0.9 micron of magnetic material sputtered onto a 23 
micron PET film. The tag element, 30, in one embodiment is 10mm square. The 
volume of magnetic material affects the received signal levels. The magnetic 
material has a property that causes it to be sensitive to the direction of the magnetic 
field applied. Specifically as shown in figure 7, in the presence of a 'cross-axis 1 

2 J magnetic field, 24, which is orthogonal to the material alignment direction, 31, the 
soft magnetic material will not saturate. The materials characteristics are described 
in relation to figure 8. When H-field is applied along the alignment direction, 31, 
until the material coercivity is overcome (about 5A/m), there is no material 
magnetisation (B field produced by the material). At point 35, the material starts 

30 producing magnetisation, increasing rapidly to point 36. The slope of the line 

between points 35 and 36 is the permeability of the tag (material permeability in the 
alignment direction is 50,000 at d.c). The tag should have high permeability. 
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Beyond point 36, the material is fully saturated and further increase of applied field 
to point 37 does not produce more magnetisation. For reference the applied H-field 
to cause saturation is about 40A/m (c.f. the Earth's magnetic field is about 
80A/m). The material has excellent directional properties. The cross-axis 
saturation field is defined as the value that a field orthogonal to the material 
alignment direction, 31, has to be to cause saturation. The value is about 3kA/m. 
If the applied cross axis field direction is rotated by, for instance, 1°, it will produce 
a component in the material alignment direction, 31. If the operating field level is 
just below cross axis saturation value of 3kA/m then a 1° misalignment away from 
exact cross-axis direction results in a field roughly l/60 th or about 50A/m along the 
material alignment direction. This field level will be sufficient to saturate the 
material. It can be seen that the tag magnetic element can be made into a sensitive 
magnetic field orientation detector. 

Stated differently, the tag element material has a directional property illustrated by 
an easy-axis, 31. The easy axis is defined as the axis along which the material is 
most easily magnetised by an externally applied magnetic field. A magnetic field 
applied orthogonal to the easy axis has zero net component along the easy axis 
direction and results in zero magnetisation M in the element. The cross-field 
saturation point is defined as the magnitude of the magnetic field orthogonal to the 
easy axis that results in the material being saturated. 

The tag element read operation with relation to the interrogation system is now 
described. The transmit field, 24 is caused to rotate at a rate of 144Hz. Twice per 
rotation, the field 24 will be orthogonal to the material alignment direction, or easy- 
axis, 31, and the magnetisation of the tag element will have a zero crossing. At all 
other times the tag material remains in saturation. As the magnetic field, 24, spins 
through the direction perpendicular to the material alignment direction, 31, the tag 
material will transition through points 33, 34, 35, 36 and 37. The other zero 
crossing completes the other part of the B-H loop, 38. As the applied transmit field 
resolved along the material alignment axis, 31, passes from point 34 through 36, 
then the receiver coil pairs will detect the (rate of) change of magnetisation in the 
tag element. Figure 9 represents the received signal output of the system. Axis 39 



WO 99/35610 



- 13- 



PCT/GB99/00081 



represents the measured voltage from the receiver circuit (shown in figure 13) and 
axis 40 represents time. Line 41 represents the drive current waveform of a transmit 
coil and shows one complete 'spin 1 through 360° of the transmit field. Line 42 
represents the 'blip 1 from the tag element received as the transmit field passes the 
5 direction orthogonal to the material alignment direction, 31. Note the 'blip' is 
repeated, 43, when the transmit field vector, 24, has rotated through 180°. 

The 'resolution 1 (blip width) achieved by the system is a function of the tag element 
material (and shape). Specifically, better angular resolution is achieved when 
w material cross-axis saturation field is higher, and material permeability is higher. 

Other considerations are the direction of the tag element plane to the transmit field 
plane, stray dx. and a.c. fields and system receive operating bandwidths. 

Reference is directed to US-A-5083112 for details of other materials and methods of 
15 manufacture of thin film magnetic layers. 

Multi-element Magnetic Data Tag 

Figure 10 . illustrates the construction of a multi-element data tag according to the 
invention. A square piece of magnetic film material, 44, with an alignment 
direction, 45, is positioned at a specified angle and placed upon a similar piece of 

20 material, 46, with alignment direction, 47. For example, the film material 44 is the 
same as that used for the single element tag described above. In one example of the 
invention, the angular displacement used to represent each bit opportunity is 
constant and is 3.75°. Similarly, other layers of film material, 48 and 49, are added 
to the tag to build a sandwich with differing alignment directions. In the example 

25 tag in figure 10, a data '1' is represented by having some material in a particular 

alignment direction and data '0* by having no material. The 3.75° spacing, over the 
180° of 'data code' space corresponds to 48 bits. The theoretical data capacity is 2 48 - 
1 or 2.4xl0 14 codes. 

jo In practice, the data density will be less. The absolute rotational orientation of the 
tag relative to the transmit field will be uncontrolled (reducing data capacity by a 
factor of 48, with another factor of 2 for direction ambiguity, clockwise or anti- 



BNSDOCID: <WO 993561 OA 1J_> 



WO 99/35610 



- 14- 



PCT/GB99/00081 



clockwise). Coding schemes that allow automatic clock recovery will give much 
greater tolerance to short term 'jitter on the data. The primary error sources are the 
reproducibility of material alignment direction in the manufactured stock material, 
aberrations of transmit field constant rotational rate, errors in layer alignment 

i 

5 during manufacture, magnetic interference to the interrogation field from external 
sources and 'tilt' of the tag with respect to the plane of the interrogation field. 
Figure 11 illustrates a real measurement from the prototype tag, which is 10mm 
square and 0.5mm thick. The tag is constructed using 'spray mount' for the 
adhesive binding of the material layers together and optical manual alignment of the 

10 material directions. The tag was trimmed to give a circular area profile. The coding 
scheme is as described above with material present in bit positions 1 through 9, 16 
and 40. The 'blip', 50, represents one layer of magnetic material and this element 
produces a similar response, 51, after the transmit field has rotated 180°, and again 
at 52 after a full revolution of the field after 1/ 144 th of a second. 

15 

Receiver Coil Arrangement 

Figure 12 illustrates the signals produced by the receive coils, 21 and 22. The tag 
element outputs, 53 and 54, are received by receive coil, 21. The orthogonal receive 
coil, 22, produces outputs illustrated by 55. The coils are orthogonal and hence the 

20 received signals in each channel are weighted by coil 'direction sensitivity' 

amplitudes 56a and 56b. A tag reader interrogation system will , trigonometrically , 
combine the two receive channels to yield a signal of constant amplitude. This 
effectively synthesises a receive coil arrangement (coils 26 and 27) that is physically 
spinning at the same rate as the transmit field and with the sensitive magnetic axis 

25 orthogonal to the instantaneous transmit field direction. 

Processing Electronics 

Briefly, the receive circuit used in the embodiment will be described with reference 
to Figure 13, and the transmit circuit with reference to Figure 15. In Figure 13, the 
30 balanced receive coils, 26 and 27, are connected to amplifying and filtering 

electronics, 57, to produce an output signal at 58. The characteristics of the circuit, 
57, are a high pass filter (HPF) at around 300Hz and a low pass filter (LPF) at 
20kHz. The transmit magnetic field is rotating at 144Hz and hence there is no 
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requirement for d.c. coupling. The HPF characteristic removes residual break- 
through from the transmitter into the receiver caused by unwanted receive coil 
imbalance and further improves transmitter to receiver isolation. The LPF 
characteristic limits ihigh frequency noise, whose sources are both thermal, 

5 electronic (amplifier), and from interfering a.c. magnetic sources. Optimum 
performance would be a receiver limited by the thermal noise from the receiver 
coils, screened from outside interference and with a receiver bandwidth matched to 
the characteristics of the tag element impulse response induced by the transmitter. 
In practice, a LPF filter at 20KHz is an efficient compromise. The receiver gain 

to from the circuit, 57, is around times 50. The circuit is repeated for the orthogonal 
receive coil set. 

The measured amplitudes for both orthogonal receive directions at receiver 
amplifier output 58 are shown in figure 14. The tag is a 10mm circular calibration 
n tag with 8 layers spaced at 22.5°. The tag response illustrated in figure 11 is about 
50mV peak and the rms noise output of the system is 7/xV. Hence, a tag detected 
signal-to-noise ratio in excess of about 65dB is obtained with the prototype system 
(c.f. 15dB usually required in communication channels for reasonable data error 
rates). 

20 

With this embodiment the following receive signals were obtained from the receive 
circuit: 130mV for a 22mm diameter tag, 30mV for a 6mm square tag and 2mV for a 
2.5mm square tag. 

25 In figure 15, the transmit drive arrangement is shown. An a.c. signal source, 59, 
generating a 144Hz signal is split and filtered by two passive networks designed to 
give about 90° differential phase. A standard domestic 25W/channel audio 
amplifier, 60, provides the drive for the two orthogonal transmit coils pairs 15 and 
16, 17 and 18. Parallel matching capacitors, 61, are added to reduce the current 

30 needed from the amplifier. The drive current is set to achieve the appropriate 

transmit field level (i.e. below the cross-field saturation level for the material). The 
measured coil drive voltage is about 35V peak-peak. This generates transmit 
currents of around 4A rms, yielding a rotating transmit field amplitude of 
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approximately 3 kA/m. The upper limit on this field level is determined by the tag 
material saturating in the cross axis direction, with the consequent suppression of 
the sharp magnetisation transitions which encode the data. This occurs at around 
4,5 kA/m for the Atalante film. The lower limit comes because the transitions 
j become less sharp, and in addition the magnetisation of the other layers in the tag 
becomes more significant, appearing to make narrow angle gaps wider. 

The decoding of the received signal into data is achieved by data processing. In the 
example embodiment, the two receive channel signals obtained are digitised by a 
to TICOSCOPE', available from Radio Spares. Data processing is accomplished in 
MathCAD to implement the linear and non-linear processing to further filter, 
recover the data clock and decode the tag data. This program runs on an IBM PC. 
These techniques are well known in the art. 

is Coding schemes and data recovery from the tag can use techniques known in the 
art. Some analogies the inventor has proposed include optical bar code data 
encoding. These are designed to cope with distortions in the received signal caused 
by 1 warping' of the code. If data is represented by analogue quantities, the data 
capacity becomes limited by information theory (Shannon) and is a function of 

20 signal-to-noise ratio, and of course the system angular resolution. These are 
functions of the tag construction and the system operating bandwidth. 

Alternative Tag Coding Schemes 

The inventors have measured and described a number of error sources that will 
25 influence the choice of coding system. The material and tag manufacture will lead 
to small variations in the achieved alignment direction, resulting in short term 'data' 
jitter. If the plane of the tag is tilted in the interrogation system, the geometry of 
the situation will cause errors on the measured tag element positions. This is a 
matter of simple geometry and 10° of tilt will result in a peak position change of 
30 1.5%. 20° of tilt represents 6° of peak error in the 'blip 1 angular positions. Note 

that the error is slowly varying and a (spatial position) harmonic of the transmit field 
rotational rate. One possible solution is to use geometric or other incremental 
progressions of tag element spacing, as described in detail below. For instance, two 
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bits of data can be coded by elements spaced at intervals of 3.75°, 5.5°, 7.6° and 
10.1°. Over the 180° of 'data space 1 available, roughly 20 blocks could be encoded 
(40 bits). D.c. magnetic fields are a further source of possible spatial harmonic error, 
although it can be demonstrated that the system is quite tolerant to these. 

i 

5 

Figure 16 illustrates a tag constructed using a logarithmic-gap' code to encode two 
decimal digits. The tag is constructed from 4 layers of thin film 'Atalante' material, 
62, 63, 64 and 65, 10mm in diameter. Each layer of film material consists of a PET 
layer, 66, and an active magnetic layer, 67, with a magnetic alignment direction (also 

to known in the art as 'easy- axis'), 68. The direction 69 is the projection of the 

material alignment direction, 68, onto a horizontal plane. The layers 63, 64 and 65 
have material alignment directions 70, 71 and 72. The layer 67 is aligned at an 
orientation of 99°, 73, relative to layer 65. The other layers are at angles of 17° and 
43°. 'Gaps' defined as relative angles between layers and using layer 65 as the start 

15 point are 17°, 26° and 56°. The magnetic data tag has 180° of 'data-space' and the 
81° gap, 74, is referred as the 'big gap'. The 'big-gap' is always the largest gap and is 
a state used to determine the reference layer from which to decode data. 

The increasing increment between successive gaps is determined by an analysis of 
20 the likely errors when manufacturing and reading tags. The 'logarithmic-gap' code is 
a combination of an arithmetic and geometric progression, and is based on the 
primary system errors described above. These have different contributions 
depending on the size of the gap. For small gaps, the most significant errors are 
related to the material and layer alignment, and magnetic interaction of the other 
25 layers in the tag with the drive field. This sets the minimum gap, and the minimum 
acceptable increment between gaps. For larger gaps, the primary errors are 
geometric errors caused by tilted tags, and a non-constant rate of rotation of the 
interrogation field vector. This latter effect arises when the tag is not at the centre 
of the interrogation volume, and by tolerances in the reader transmit drivers. These 
30 large-gap errors are, to first order, proportional to the gap size. There is a final 

constraint that the longest tag must physically fit into the available 180° data space. 
Hence, to achieve the most efficient coding scheme, codes which result in 
particularly large total angles are omitted. This allows significantly larger angles to 
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be used with only a minute reduction in data capacity. This is the source of much of 
the detail and complexity in the coding schemes. Lower data-capacity tags are able 
to have larger increasing gaps, with better tolerance to the errors described above. 

i 

5 Figure 17 is the manufacturing data used for 'gap' definition in the tag shown in 
figure 16. Seven different 'gap' states (digits) are used with nominal gaps as shown. 
Manufacturing tolerances and valid read data tolerances are also shown. State 6 is 
the 'big-gap'. States 0 to 5 define the data for each measured 'gap'. Figures 18 and 
19 show the required absolute material alignment directions for the four layers for 

10 the 100 possible codes. The example tag shown in Figure 16 is '77'. The three 'gap' 
states are '2\ '3' and '5'. The scheme also requires that the reverse 'gap' sequence 
'5,3,2' decodes to 77 and this feature allows a tag to be placed either way up in the 
interrogation volume. 

15 Tag Manufacturing Method 

The data content of the data tag is established on manufacture. The tag has the 
property that when sub-divided, for instance by cutting in half, the material 
alignment direction is unaltered and the two tags when read will have the same data 
code. Cost-effective tag manufacture is an essential feature and Figure 20 illustrates 

20 one method to produce a large number of data tags with the same code. Many 
sheets, 75, of stock material that is manufactured on a continuous web around lm 
wide, are cut into 25cm x 25cm squares. The sheets are glued to give the desired 
code contained in the orientation directions. The layers are glued by applying a 
liquid contact adhesive type AD2222 available from Adhesive Technical Services, 

25 Purfleet, Essex, UK with a roller applicator that applies a specified 12ptm-thick glue 
layer. This is allowed to dry and the layers aligned optically using a drawing table 
and precision protractor. The laminated sheet can be cut into smaller individual 
tags, 76, using a suitable die cutter. The tags are subsequently measured on a 
'calibration' reader and the measured mechanical alignments checked against the 

30 tolerances established. 

The tag shape can be circular, square, rectangular, hexagonal or other shapes not 
incorporating sharp angles. The factor limiting the shape is the 'shape permeability' 
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and the magnetic elements comprising the tag may have differing amplitude 
responses due to the shape of that element. The basic technique above can be 
extended to larger scale manufacturing as appropriate. 

l 

5 Alternatively, custom tags could be manufactured to order. The above technique 
could be applied to smaller material widths to manufacture specific individual tags. 
For instance material of width 1cm on a large spool could be cut and positioned at 
the requested angles by a machine programmed with the required code. The 
material alignment direction may be measured for each individual layer to improve 

w alignment accuracy. The inventor has found that thermal pressure bonding of the 
'Atalante' film is possible. Tag layers 1cm square can be welded by application of 
around 3N/cm 2 force at 270°C. The magnetic material is not affected by this 
temperature. 

15 Single-sided reader Embodiment 

The 2-D aperture embodiment of the invention described above has the 
disadvantage that the data tag must be placed within an interrogation volume that is 
surrounded by coils. The embodiment described below incorporates improved 
scanning and processing features to avoid displaying read tag data when errors are 

20 detected. 

A further embodiment of the reader, 14, will now be described where the antenna, 
11, is a substantially flat structure and the interrogation volume lies to one side of 
the antenna. A feature to detect tilted (mis-aligned) tags is incorporated together 
25 with advanced processing algorithms to detect and avoid false reading of data. 

The single-sided reader block schematic is shown in Figure 21. The antenna, 77, is 
driven by a stereo audio amplifier, 78, at an output level under the control of 
variable gain stages, 79. The transmit signal timing is generated by a 
30 microprocessor, 80, buffered by digital timing circuits, 81, before analogue filtering, 
82, to a 130Hz a.c. voltage. Phase networks, 98 and 99, provide the quadrature 
drive waveforms for the transmit drive circuits. The antenna, 77, provides two 
spatial orientation quadrature receiver outputs that are amplified and filtered by 
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identical low noise amplifiers, 100. Each receive channel is multiplied in analogue 
mixers, 101, by a sine and cosine weighting signal derived from the transmit 
waveform by a quadrature splitter, 102 and 103. The two receiver channels are 
added and differentiated in an analogue summing amplifier and differentiation 



j circuit, 104. The weighting function amplitudes for each receive channel are 

illustrated by the dotted lines 56a and 56b in figure 12. The resultant signal before 
differentiation consists of 'blips' at constant amplitude. The differentiation is used 
to convert 'blip' peaks into zero crossings. 

w The analogue signal is digitised by an ADC, 105, to a resolution of 8 bits, with 1024 
samples representing one transmit interrogation field revolution. Each sample 
corresponds to about 0.352° of rotation. The digital signal is buffered in a FIFO, 
106, for subsequent processing by an 8 bit 8051 family microprocessor, 80. The tag 
decode data is displayed on an LCD display, 107, and via a serial data port, 108. 

Figure 22 illustrates the components comprising the single-sided reader antenna, 77. 
The antenna comprises two receiver antennae and two orthogonal transmit 
antennae. The transmit antennae comprise orthogonal coils, 109 and 110, wound on 
a mu-metal plate, 111 The mu-metal plate is 70mm square and 1mm thick. In an 

20 alternative embodiment, a 4mm thick ferrite plate can be used instead of the mu- 
metal plate. The coils, 109 and 110, are each three layers of 0.5mm ecw wire with 
220 turns total, wound orthogonally as shown. The receive antennae comprises two 
identical printed circuit boards (PCB), 112 and 113, mounted either side of the 
transmit mu-metal/coil assembly. Figure 23 illustrates the PCB's copper patterns. 

25 Each PCB is double sided with copper track patterns on both sides, 114 and 115. 
On one side, 114, a 'figure of 8' loop, comprising turns 116 and 117 connected in 
the sense illustrated, 118, and with 25 turns each (not illustrated) connected in 
series, forms a quadrapole. The loops, 116 and 117, are connected to have an emf 
induced by an a.c. magnetic field in the direction, 119. The PCB side 115, 

30 comprises turns 120 and 121, identical to side 114, but the pattern is rotated 

through 90°. Two identical receive PCB's, 112 and 113, are connected together to 
form two identical receive antennae that have orthogonal spatial sensitivities. The 
'figure of 8' antenna comprising loops 116 and 117 on side 114 on one PCB, 112, is 
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connected to the identical loops on the second PCB, 113. The connection senses 
are in such manner that the generated field from either transmit antenna, 109 or 
110, induces zero net voltage in that receive antenna channel, comprising coils on 
either side of the transmit coils. This is achieved by the physical symmetries. The 

i 

5 receive antenna 'figure of 8' configuration (loops 116 and 117) provides rejection of 
uniform H-field interference (from far field sources). It can be seen that the loops 
116 and 117 are sensitive to a magnetic dipole above the board in the direction 119, 
whilst being insensitive to a magnetic dipole in an orthogonal direction. Loops 120 
and 121 are not sensitive to a magnetic dipole in the direction 119. The antenna 77, 

io synthesises the required interrogation magnetic field, 7, and provides receiver 
sensitivity to tag-induced magnetic field, 9, over the interrogation volume, 6, as 
achieved by the coil arrangement described in figure 3. 

Tags, 1, are placed with their magnetic elements parallel to the plane of the antenna 
15 defined by the PCB plane, 112. The active read volume is an area about 3cm in 
diameter, centred to the PCB, 112, and extending to a distance of approximately 
lcm from either PCB, 112 or 113. 

The analogue signal into the ADC, 105, is illustrated by figure 24, and this is for a 7- 
20 layer (4-digit) data tag and shows 360° of transmit field rotation. 

The antenna, 77, incorporates a third interrogation coil, 122, comprising 120 turns 
of 0.25mm copper wire, wound onto the transmit coils with the PCBs acting as side 
plates. The coil is powered by a standard motor switch IC, 123, under the control 

25 of the microprocessor. Current can flow in either sense or can be off. This 

arrangement is used to generate a 'conical scan' magnetic field vector as illustrated 
in figure 25. The uniform magnetic field produced by coil 122 in the z-direction 
causes the instantaneous magnetic field interrogation vector, 124, to describe a 
circle, 125. The 'conical' scan interrogation field vector allows the tag 'tilt* with 

30 respect to the interrogation (x-y) plane to be determined as explained below. The 
uniform z-axis field could be produced by a permanent magnet although this field 
cannot be disabled. For instance 0.5mm thickness of anisotropic bonded ferrite 
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sheet about 70mm square will give the desired conical scan. The coil, 122, conducts 
0.3 A and produces a magnetic field of 500A/m in the z-direction. 

Single-sided Reader Processing Algorithms 

5 This embodiment of the invention incorporates a number of features in the 

processing of the receiver signals to reduce the false read probability. These are 
described in relation to Figures 26 to Figure 31, which are flow charts describing the 
processing algorithms. These figures do not show details of standard good-practice 
programming techniques, such as ensuring that array indices are within bounds. 

w They are illustrative of the general form of the algorithms that have been used. All 
arrays are indicated by elements with square brackets [ ], and are indexed from zero. 
In some places, array contents are shown for illustrative purposes by tables. Error 
handling has not been shown explicitly. Recovery from and reporting of errors is a 
detailed function of the system on which the algorithm is implemented. 

15 

The microprocessor input data is illustrated by figure 24, and each data sample 
consists of 8 bit amplitude, sampled at about 0.352° intervals. There are 1024 
samples taken per revolution of the interrogation field. 

20 Figure 26 shows the top-level processing. This shows the reader operating 

continuously to read data from the buffered (FIFO) data acquisition system. There 
are a number of user-programmable options. 

Figure 27 shows the data acquisition process. The data decoding process can run in 
25 real time, taking data values from the data acquisition FIFO as they become 

available. In the single-sided reader embodiment, there are 1024 points for each 
complete revolution of the transmit field. A very simple zero-crossing detector is 
used, which looks for a signal below a negative threshold, a negative-positive 
crossing, and a signal exceeding a positive threshold, in sequence. If this sequence 
30 is not found, the received transient is ignored. The zero crossing time-index is 

interpolated to a fraction of a sample interval, and successive values are stored in an 
array POS. This array is expected to contain an even number of elements - e.g. for 
a 7-layer tag, there will be 14 entries. 
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Figure 28 shows the algorithm to convert the raw zero-crossing time indices into 
angular gaps. Each magnetic layer generates two zero-crossing signals at about 180° 
for each interrogation field rotation and these are processed together. The average 
5 of these two values results in a value with reduced effect from external magnetic 
fields. The difference gives information on the external field level. These numbers 
are converted into degrees (based on the number of samples/ revolution) and stored 
in arrays GAP and DEV respectively. 

w Figures 29 to 31 show three different decoding algorithms for 2-digit, 4-digit, and 
up to 10-digit data tags. In all cases, the first step in the processing is to cycle 
round the elements in the GAP array until the first element is the largest ('big-gap'). 
A check determines whether this meets the big gap criteria, as defined by the coding 
scheme. 

is 

Each tag value decoding algorithm then compares all the remaining gaps with 
tabulated allowable values for the gap sizes. The index of the matching element 
from the table gives a base-6 (or base-5) digit. In the 2-digit scheme, the three gaps 
give three base-6 digits, which are combined into a single number spanning the 

20 range 0-215 (decimal). Only some of the possible 216 codes are allowed, and the 
number is used to index a 216-element look-up table, which contains values for all 
the valid forward and reverse base-6 codes. The invalid states generate flagged 
errors. This look-up table may be generated from the table in figures 18 and 19, by 
searching the columns "Base 6 (Fwd) n and "Base 6 (Rev)" for each successive base- 

25 6 number, and cross-referencing this to the "Tag No" in the first column. If the 
base-6 number is not listed, it is invalid. 

In the 4-digit algorithm, the first three base-6 digits give one number (referred to as 
LH), and the order of the second three base-6 digits is reversed to give a second 
30 number (referred to as RH). Clearly, if the tag has been read upside-down, LH and 
RH are reversed. RH and LH are converted via a look-up table, which sorts the 216 
possible values by the physical length of the angles they define. The coding defines 
that RH is always less than or equal to LH (both in value and angular terms), so they 



BNSDOCID: <WO 993561 OA 1J_> 



WO 99/35610 



-24- 



PCT/GB99/00081 



are swapped if necessary. This means that the correct tag value will be decoded, 
even if the tag is upside down. The smaller number indexes an array of offset 
numbers. The tag value is generated by adding the difference between LH and RH 
numbers to this offset. 

i 

In the 10-digit algorithm, each set of three base-five numbers is used to generate a 
two digit decimal number. These are concatenated together to form the final 
decimal tag code. The number of digits in tag code is always an even number 
between 2 and 10, depending on the number of elements in the tag. 

False Read Suppression Techniques 

The reader incorporates many special features used to improve false reading 
performance and these are now described. 

Each layer of the tag generates two blips 180° apart (nominally) when the tag is 
horizontal and being correctly read. A d.c. or ax. external interfering magnetic field 
will distort the instantaneous interrogation magnetic field vector and cause these 
blips to be not 180° apart. The processor checks the blip spacing and rejects 
readings that are out of tolerance by more than 4°. Note 'tag is horizontal' refers to 
the state when the tag is always orthogonal to the axis of rotation of the 
interrogation magnetic field vector. 

A coil, 122, can generate a (d.c.) magnetic field orthogonal to both transmit coils 
and in the direction of the transmit field rotational axis. This leads to a conical scan 
and is illustrated in figure 25. A non-'horizontal' tag will be subject to a component 
of this d.c. field and this component increases with increased tag tilt angle from the 
'horizontal'. The effect of this component is to modify the detected gap spacing. 
The processor, 80, validates the gap spacing between blips from each layer and if the 
change from the expected 180° exceeds 4° the reading is rejected. 

The processor distinguishes between '180° layer errors' caused by tag tilt or / and 
external magnetic field through changing the direction of the applied d.c. bias field 
and monitoring the change in the 180° layer errors. 
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The transmit drive field level is controllable under processor control. This allows 
optimum interrogation field on the tag as tag read distance and material varies. 
With low drive field levels and with small gaps, the magnetisation dipole of each tag 
5 layer can locally alter the interrogation field direction on the tag. The effect is that, 
at low drive levels, the gaps move apart. Larger drive field levels compensate for 
this effect, although the tag will cease to function if the cross-field saturation level is 
exceeded. 

to The processor, 80, incorporates other processing features to ensure that no false 
readings are displayed. These check that the number of detected peaks are correct 
for the tag coding scheme, the received amplitudes are correct and that the received 
signal 'shape' is correct (e.g. the time between the minimum and the maximum, and 
symmetry about zero). 

is 

Programmable Data Tags 

The data tags described above are read only and the data content is established on 
manufacture. An alternative embodiment of the tag allows a programmable data tag 
to be constructed. The single-sided reader described above can read programmable 
20 tags with a modified processing algorithm described below. 

Figure 32 shows a programmable data tag, 126, and this comprises three layers of 
Atalante Film, 127, 128, 129, and a hard magnetic layer 130, all glued to form the 
tag, 126. Layer 130 is 15/zm thick nickel 10mm in diameter and this will give a 
25 remenance flux of about lOOOA/m. The 'Atalante' film layer, 127, has a material 
alignment direction, 131. The direction of the remenance flux in layer 130 can be 
varied over 360° of orientation direction space. Data 'programming' is achieved by 
magnetising the permanent magnetic material, 130, with a large external d.c. field of 
defined orientation that is subsequently removed. 

30 

Different magnetic materials require different programming fields. The nickel layer 
requires a field of about 3 kA/ m. A low-coercivity ferrite layer (such as audio tape) 
requires about 25 kA/m. Both of these layers may simply be magnetised using a 
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standard anisotropic bonded ferrite magnet (75 x 50 x 20 mm) magnetised across its 
narrow side, by placing the magnet edge-on to the tag in the desired orientation, and 
drawing it away whilst maintaining the same angular orientation. High-coercivity 
barium ferrite may also be used, and requires 200 kA/ m to magnetise it, 
5 conveniently achieved using a rare-earth magnet. The advantage of the barium 
ferrite is that, although it requires a larger magnetisation field, it is harder to erase, 
and it is isotropic, unlike the lower-coercivity ferrite. Cro-Vac from 
Vacuumschmelze is suitable for larger tags (e.g. 20mm diameter), as it only available 
in thicknesses from 40 fim upwards. 

w 

The construction of the tag is an important issue to achieve a reliable programmable 
feature. In particular, best results are achieved if the diameter of the hard magnetic 
layer exceeds the diameter of the soft magnetic layers by around 20%. The 
thickness required is proportional to the diameter, to achieve the same actual field 
n level. For example, a polymer-bonded ferrite layer of 40 fim thickness is suitable for 
10-mm diameter tags. This is typically achieved using three layers of standard audio 
tape. In this case, the layers should be laminated at different angles, as this material 
is not isotropic. 

20 Figure 33 shows the interaction between the magnetic field 132, from the 

permanent magnetic bias layer, 130, and the rotating interrogation field, 24, denoted 
by (2? r ), 133, for a single soft magnetic layer, 127, with a material alignment 
direction, 131. The orthogonal direction to the material alignment direction is 
denoted by F, 134. The angle between the hard magnetic programmable direction 

25 bias layer and F is denoted by G, 135. The angle between the rotating field and F at 
the point where the magnetisation of the soft layer flips (i.e. a 'blip' is detected) is 
S ly 136. 

The local field applied to a magnetic element in the tag, 127, is the vector sum of 
30 the interrogation field, 24 and the field generated by the permanent magnet. This 
causes the detected 'blip' orientations to be skewed, so that, in general, the two 
detected directions for each layer (per full rotation of the interrogating magnetic 
field) are no longer 180° apart. For each soft magnetic layer in the tag, the deviation 
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from 180° will generally be different, because each soft layer is at a different angle 
to the hard magnetic material bias layer. Figure 34 illustrates the effect. Without a 
programmable bias field the 'blip', 137, is one of three magnetic elements in the tag, 
126. Applying a programmable direction bias field, the 'blip' moves to a new 
5 position, 138, a small distance from the original position, 139. 

Referring to figure 33, there is a static bias field of magnitude B by and a rotating 
interrogation field of magnitude B r . The magnetisation of the magnetic element 
layer, 127, produces a 'blip' when the vector sum of these two fields is orthogonal to 

10 the material alignment direction 131. In figure 33, this is labelled A and a 'blip' is 
produced when the resultant summed field is parallel to F. 0 is the angle between 
the bias field and the orthogonal to the material alignment direction (F), and Si is 
the angle between the orthogonal to the material alignment (F) and the angle of the 
radial vector field B r . This is actually half of the 180° deviation referred to above. 

n Using the sine rule, 



20 



25 



sin0 sinS x 

Hence, 



smS, = —sind 
1 B, 



A magnetic data tag will have at least two layers of material. Applying the same 
analysis to a second layer at an angle (j> to the first gives 



sind 2 = —sin(0 + <p) 



Re-arranging and solving for 0 
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9 = cot 



-1 



sin S 7 a 



sin^ 



If 8 1 and <5> ire small, this may be approximated by: 



0 = cot 



sin^ 



10 



15 



20 



By measuring the deviations from 180° (2S) at which the tag produces 'blips', for 
two tag elements (127 and 128) at a (measured) angular separation of 0, the angle of 
the bias field relative to a fixed datum (such as the first element) may be determined. 
There is a 180° ambiguity associated with this angle. Note that, in order to achieve 
a full 180° of coverage, the elements (127 and 128) should be swapped in the above 
analysis when S t < S 2 . 

Figure 35 is a flow chart for the decode algorithm implemented in the single-sided 
reader embodiment to decode the programmable data tag and shows how an extra 
decimal digit may be decoded from the orientation of a programmable magnetic 
layer. 

The datum for the magnetic hard layer direction is taken as the midpoint of the 
largest angle fa (the 'big gap') between any two elements on the tag. In this 
embodiment, the two tag elements used for the analysis are the elements defining 
this 'big gap\ A further ambiguity of 90° is introduced because, in the existing 
underlying coding scheme for the two-digit tag, it is not possible to determine which 
way up (heads or tails) the tag is. The extra programmable decimal digit (0-9) is 
encoded by subdividing the 90° into ten 9° wide bins. 

The embodiment above shows a simple analysis that can be implemented in integer 
arithmetic on an 8 bit embedded processor. A more complex analysis might 
consider all possible pairs of angles between elements, and take a suitably weighted 
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average to determine ft This is an inelegant solution, but might again be suitable 
for a simple embedded processor. 

A small modification to the underlying coding scheme, in which codes that are 
5 symmetric about the 'big gap' are forbidden, restores the full 180° range of possible 
angles. This either doubles the number of codes, or allows wider bins (18°) for the 
same number of codes. 

A more powerful processor can carry out a more complex analysis. The most 
w appropriate analysis to carry out is to determine the 2D vector of the bias field, B b , 
using a minimisation process. For each soft magnetic element, there are two values 
of the rotating vector B r at which the magnetisation flips. When B h is added onto 
each value of B„ the resulting two vectors should be at exactly 180° to each other. 
If the deviation from 180° for the I th element is a i9 and there are N tag elements 
15 then the best value of B r is when 




is minimised. A standard multi-variate minimisation algorithm such as Powell's 
20 method may be used to determine the components of the vector B b (see Numerical 
Recipes in C 2nd edition, Cambridge University Press, Section 10.5). 

Modifications to the programmable tag structure are possible. Figure 36 illustrates a 
further possible embodiment of a programmable tag. Four identical soft magnetic 

25 elements, 140, are placed on a hard-magnetic layer, 141. The magnetic element, 140, 
is a 20mm length of Vitrovac 6025 material available from Vacuumschmelze, 
Germany. This is a magnetic element 25/xm thick and 0.75mm wide. The elements, 
140, are disposed to lie at defined orientations defined by the tag coding scheme (tag 
code 77 is illustrated and the angles are shown in figure 19). Layer 141 comprises a 

30 hard magnetic layer 23mm diameter of Cro-Vac 45/rni thick, available from 

Vacuumschmelze, Germany. Further embodiments to the tag using alternative 
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magnetic element material or physical arrangements include the use of magnetic 
elements defined in US-A-5,083,112. 

3-D Reader Embodiment 

i 

5 The reader embodiments described above can read a tag lying parallel to one plane 
(x-y). A 3-D reader embodiment is now described that allows a randomly orientated 
tag to be read in the interrogation volume. The embodiment is an improvement on 
the 2-D Aperture reader described above, adding a third orthogonal transmit coil 
and a third orthogonal receiver coil. The transmit interrogation magnetic field 

io vector rotates around a normal axis. This axis is scanned over the available 

orientation space. The receive signals are processed to find the orientation at which 
the transmit interrogation field has been closest to the plane of the tag, and the 
'blips 5 recorded are decoded into data. 

15 A description of the coils used in the embodiment follows, firstly describing the 
receive coil configuration and then the transmit coil configuration. 

Figures 37 and 38 illustrate the receiver coil arrangement. The receiver coils are 
constructed on a cylindrical former, 142, of diameter 200 mm and length 400mm. 

20 Figure 37 illustrates the three sets of orthogonal coils used to couple with the tag 
magnetic elements within the interrogation zone. For the y-direction, 143, the 
receiver coil set comprises 4 coils, 144, 145, 146 and 147. Inner coils 145 and 146 
lie on the former, 142, and they extend 120mm along the x-direction as illustrated 
by dimension 148. Both inner coils comprise 100 turns 0.4mm ecw. The outer coils 

25 144 and 147 comprise 58 turns of 0.4mm ecw and are wound on a second co-axial 
former (not shown) 260mm in diameter. The coils extend 156mm along the x- 
direction. The four coils are connected in series in the electrical sense illustrated 
and 'balanced' by small mechanical re-alignments to achieve zero sensitivity to a 
uniform magnetic field. A second receiver coil set as illustrated is sensitive to tag 

30 generated field in the z-direction, 149. This coil set is identical to the coils 144, 145, 
146 and 147, rotated through 90° as shown. The third coil set sensitive to tag 
generated field in x-direction, 150, comprises two solenoid coils, 151 and 152. The 
inner coil 151 comprises 100 turns 0.4mm ecw wound on former, 142, and is 
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120mm long. The outer coil 152 comprises 58 turns of 0.4mm ecw wound on the 
second 260mm diameter co-axial former and is 156mm long. Figure 38 illustrates all 
the coils wound on the inner former, 142, and the outer former, 153. 

I 

5 Figure 39 illustrates the three orthogonal transmit coils configuration. The coils are 
wound on a cylindrical former, 154, 370mm long and 300mm diameter. A uniform 
magnetic field in the y-direction, 155, is produced by four coils, 156, 157, 158 and 
159. Coils 156 and 158 comprise a 'modified Helmholz' arrangement similar to coils 
15 and 16. Coils 157 and 159 comprise a second modified Helmholz' arrangement, 

10 with a magnetic axis 25° offset from coils 157 and 159. The two 'modified 

Helmholz' coil sets have magnetic axes 12.5° either side of the y-direction, 155. 
Coil 156 comprises 50 turns 1.4mm ecw and extends 370mm in length along the 
former. Where coil 156 connects across the open end of the former 154, the coil is 
a flattened half circle with the total coil aperture width of 570mm. The two edges 

i$ of coil 156 that lie along the solenoid (x-direction) subtend 120° at the axial centre 
of the former. Coils 157, 158 and 159 are identical in size and form. Their 
orientation around the former, 154, is described above. The four coils are 
connected in series in the sense illustrated. A second transmit coil set generates 
uniform field in the z-direction, 160. This set comprises four identical coils 

20 orientated in an orthogonal direction as illustrated. The final transmitter coil 

consists of a long solenoid coil, 162, comprising 260 turns of 1.4mm ecw on the coil 
former, 136. This generates uniform field in the x-direction, 162. 

Figure 40 shows the transmit coil arrangement consisting of nine coils generating 
25 uniform field in three orthogonal directions. Figure 41 illustrates the 3-D Reader 
antenna embodiment. The transmit coils on former 154 are located co-axially with 
receiver coil tube, 142. The interrogation volume, 6, is defined by a further 190mm 
ID co-axial tube (not shown) that is used to define a mechanical constraint on 
possible tag positioning in the antenna. The longitudinal region of highest 
30 sensitivity is less than 10cm long and tags can be accurately read when separated by 
10cm or more along the axis of the reader tube. 
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Figure 42 illustrates the block diagram for this 3-D Reader embodiment. A 
Meilhaus ME3000 PCI-bus data acquisition card, 163, provides a multi-channel 16 
bit resolution ADC / DAC facility. The card is mounted into a industry standard 
IBM compatible PC, 164, running Windows 95. The ADC/DAC card, 163, under 
software control generates three transmit excitation voltages. These are amplified 
by three lkW single channel audio amplifiers, 165 and drive the three orthogonal 
transmit coils with resonating capacitors as shown. The drive currents required are 
3 A rms to generate the required 2.5kA/m interrogation field. The transmitter 
currents are monitored by current sense resistors, 166, and digitised at a 100kHz 
sample rate. Signals detected from the tag by the receive coils are amplified by 
receive circuits 167, that are similar to those shown in figure 13. The received signal 
is multiplied by a signal weighting function in analogue multiplier, 168. The three 
receiver channels are combined and differentiated in an analogue adder, 169 and are 
digitised by the ADC card 163 at a rate of 100kHz. 

Figure 43 shows the three transmit current waveforms, 170, 171 and 172, measured 
by the ADC. The detected tag response, 173, is also shown for a 7-layer 4-digit tag. 
The time resolution does not allow all 'blips' to be resolved in figure 43. The 
transmit interrogation field completes one revolution in the time 174. When the 
interrogation field 'scan' is close to the tag plane, then 14 'blips' should be present. 

The signal processing is now described with reference to the flow chart descriptions 
of the processing algorithms described in figures 45, 46, 47, 48 and 49. 

When the orientation (plane) of the tag is unknown, a number of interrogation scans 
at different orientations can be carried out, until one is close to the plane of the tag. 
A scan is defined as one complete revolution of the transmit field vector in one 
plane. The 2D decoding algorithms described above can then be applied to the 
detected signals to determine the tag data value. The analogue signal output of 
adder, 169, when the scan plane matches the tag plane, is the same as the 2D scan 
signal shown in Figure 24. 
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A continuous scan is used in this embodiment. This is based on a nominal 130 Hz 

rotating field, whose normal vector is arranged to trace out a spiral over the surface 

of a hemisphere, at constant angular velocity (referred to below as a spiral scan). 

Over a singly 7.7ms. 'scan period', this is similar to a scan in a single plane. The 
i 

5 equations for the components of the 'transmitted' B interrogation field are given by 

B x - (cos 2 (<J>) *cos(9) + sin 2 (<(>)) *cos (cor) 

+ (sin(<|>)*cos(<t>)*cos(0) - cos(<|>)*sin(<|>))*sin(co£) 

10 B y - (cos(<|>)*sin(<|>)*cos(0) - sin(<|>)*cos(<|>))*cos(cDr) 
+ (sin 2 (<t>)*cos(9) + cos 2 (<|>))*sin(<or) 

B 2 - (-cos(<|>))*sin(0)*cos(G>r) - sin(0)*sin((|>)*sin(cor) 

15 where t is the time, co is the angular frequency of the 140Hz scan, <|> = (constant)* 0, 
and 0 = cos" 1 (l-r/7). T is the total time for one complete interrogation. 

Figure 43 shows the three orthogonal field components, 170, 171, 172, and the 
composite tag signal, 173 from a spiral scan covering half a hemisphere on the same 
20 tag scanned in Figure 24. There are clearly a large number of separate peaks, which 
are not all resolved clearly in this figure. 

Figure 45 shows the top-level view of the preferred embodiment of the signal 
processing for the 3D-reader embodiment. In general the algorithm is similar to the 
2$ single-sided reader algorithm, but requires many more steps to reach the point 
where 'gaps' between tag magnetic elements can be determined. From this point, 
the tag-decoding algorithms in figure 29, 30 and 31 are used. 

The first step in all the decoding schemes in this embodiment is to determine 
30 accurately the time-indices of the 'blips'. This is shown in figure 46. In an ideal 
case, all the 'blips' will be the same size and shape. The zero-crossing point in the 
centre of each 'blip' is the point where the applied field has no net component along 
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the material alignment direction of the magnetic element. The detection algorithm 
should determine this time. 

To find the ^ero-crossing points, the digitised signal is convolved with a rectangular 
function, as shown in figure 44. The convolution reference signal is symmetric, 
with equal positive and negative sensitivity about t=0, and a total width of about 80 
fis. In figure 46, the convolution algorithm results in array CONV[i]. 

The zero-crossing points of the 'blips' in the original waveform are extracted from 
the convolved waveform by looking for peaks above a given threshold. The 
position of the peak can be used to time gate the original zero-crossing data, 
allowing the exact zero-crossing time to be interpolated from the original sampled 
data. Alternatively, a more exact time may be extracted by using quadratic 
interpolation around the peak of the convolved data (as illustrated in the flow 
diagram in figure 46). These interpolated positions are saved in the array 
INTERP[]. 

The second step in the decoding process is to calculate the interrogation field 
vectors at every point where a 'blip' is detected from the sampled signal across 
resistors, 166. The flow diagram for this is shown in figure 47. This gives an array 
of B[ ] vectors corresponding to the INTERP time indices. Few or none of the 
detected 'blips' result from an interrogation field vector moving in the plane of the 
tag, but each 'blip' detection angle is projected down on to the plane of the tag 
using an estimated normal vector produced by a tag orientation plane detection 
algorithm. 

The tag orientation plane detection algorithm starts with an initial value for this 
plane. This value is obtained by detecting the largest amplitude 'blip' seen over 
many scans. The largest 'blip' results when the interrogation field vector is 
orthogonal to all the tag magnetic elements simultaneously. This can be seen in 
figure 42 at point 175. In figure 47, this initial value is shown denoted by the vector 
NORM. 
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If the normal vector is correct, then every 'blip' for a given tag element should 
project onto the same line. If it is incorrect, then the projected 'blips will not line 
up. A standard numerical minimisation routine (Powell's method) is used to find 

the tag normal vector. Detected 'blip' orientations are associated with specific 

l 

5 magnetic elements in the tag that produced this response. The measured orientation 
of the 'blip' is projected onto the tag plane using the normal estimate. For each tag 
element the sum of the variances of detected projected positions is minimised (i.e. 
for each element, the positions projected onto the tag plane line up as closely as 
possible). An implementation of this is shown in figure 49. This results in an 

w accurate estimate of the tag plane orientation. 

One part of the algorithm described above is to determine which 'blips' correspond 
to the same tag element. Using the spiral scan waveforms described above, when 
the normal to the scan is within about 30° of the tag normal, each tag element 

is produces a distinct, 'blip'. The algorithm looks for complete scans (360° field 

rotations) that contain the correct number of elements for the tag type (so for a n- 
layer tag, there will be 2n 'blips' in one 'scan'). These will look similar to the signals 
in figure 24, which shows a 7-layer tag. Where successive scans are found, they are 
'concatenated'. Over a continuous time series of 360° 'scans', the 0, n th , 2n th , 3n lh 

20 etc. 'blips' will all correspond to the same element. Similarly, the blips at 1, n+1, 
2n+ 1 will correspond to the next element, and so on. Figure 48 is an 
implementation of this algorithm. The array of INTERP values is analysed to see 
for each entry, how many subsequent values fall into a half -rotation (n/2 samples). 
These are stored in a new array, COUNT. COUNT itself is then analysed to find 

25 the maximum value for which two successive 'sections' of N/2 samples have the 

same COUNT value. The algorithm ensures that this value is the correct number of 
'blips' for the tag type (i.e. equal to the number of layers). Finally, all such sections 
are tabulated in arrays that store the start of the section (START), and end (END). 
These arrays have (Max n) entries, and their values are used to index the array of 

30 measured interrogation field B vectors. 

For each 'section' detected having the correct number of 'blips' for the tag being 
interrogated, the variances of the projected 'blip' positions are summed. These 
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sums are added together, weighted by the length of each section (denoted by the 
array W, in figure 48). This is the sum that the minimisation algorithm attempts to 
minimise. In figure 49, VAR is calculated as a function of THETA and PHI, the 

direction angles of the normal vector, and minimised using Powell's method. 

i 

5 

Once the tag orientation is determined, the section of scan that is closest to the 
plane of the tag is calculated and the 'blip' positions are projected from this section 
onto the tag plane. The relative angles between the tag elements (gaps) are then 
resolved, and the tag value determined using algorithms described in figures 29,30 

io and 31. Figure 50 details the algorithm for this. For each section identified in 
figure 49, the local normal vector to the scan is calculated by crossing together 
successive B vectors, to form CROSS. The angle, C, between this and the normal 
should ideally be zero, and all the data in each section is analysed to see which series 
of E vectors (NGAPS in a row) gives rise to the smallest average value of this angle. 

15 This corresponds to the section of scan closest to the tag plane. The projected 
angles corresponding to this scan are then saved as the array of GAP values. This 
can be passed to the standard tag decoding algorithms, illustrated in figures 29, 30 
and 31. 



20 It is important to have a good understanding of situations that give rise to problems 
in the determination of the normal vector, and the subsequent calculation of angular 
gaps between elements. The algorithms above assume a simple model in which all 
tag elements are independent. In practice, the fields from each element add to the 
interrogating field, so that the field at the tag is no longer known exactly. This 

25 effect is most significant when the magnitude of the interrogating field in the plane 
of the tag is small - for example, when the scan is well away from the plane of the 
tag. This causes the simple geometric model of projected field vectors to fail. 

One possible workaround is to discard the data from scans that are well away from 
30 the tag plane (this often has overlapping signals anyway). In figure 48, this is 
achieved by using the initial guess for the normal vector to screen the data. A 
second consequence is that the variance calculated in the minimisation process will 
never vanish, even with perfect signal-to-noise ratios and ideally uniform transmit 
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fields. The residual value is a generally a result of this non-ideal tag behaviour. The 
third consequence is that the tag normal vector may be in error by a few degrees. 
This is not generally significant, except in the situations where a small angle (of 
perhaps a few degrees) is calculated by projecting B vectors from non-adjacent blips 
5 onto the tag plane. This is easily avoided by choosing the section in figure 50 such 
that it starts immediately following a big gap (this is not shown in figure 50). 

Further Details 

The invention is a system allowing low cost labels to be attached to items that are 
io subsequently read with a reader device. The labels or tags are constructed from a 

magnetic film material that possesses a directional property that is retained when the 
material is sub-divided into smaller sizes. This size is determined by the material 
characteristics, the shape of the material and the desired orientation measurement 
accuracy. The 'Atalante' film material will function to around 2.5mm diameter tags. 
n Thinner coatings of magnetic material will yield smaller tags and improvements to 
the magnetic material characteristics may improve permeability and cross-field* 
saturation levels. Similarly, alternative materials may allow the tags to function with 
lower operating field levels. The data content is defined by the relative orientation 
angles between the magnetic elements comprising the tag. Alternative methods of 
20 encoding the data, for instance by amplitude information are possible. The 

amplitude detected is a function of the magnetic material characteristics, operating 
field levels, interrogation field rotational rate and material volume. 

The material available from 1ST has excellent uniformity of magnetic alignment 
25 direction across the central 70cm width and along the rolls produced. This direction 
is defined by the magnetic field patterns in the manufacturing process. Material that 
possesses two material alignment directions in one 1/xm sputter coat layer has been 
observed at the edges of the roll and this offers the opportunity to manufacture tags 
from fewer layers of stock material. Tags with one magnetic layer possessing a 
30 plurality of magnetic orientation axes are a possible embodiment. 

The data is encoded by the relative direction orientations of magnetic elements on 
the tag. These elements are detected and differentiated due to a directional material 



»ISDOCID: <WO 99356 1 0A 1_l_> 



WO 99/35610 



-38- 



PCT/GB99/00081 



property. Alternative forms of directional magnetic element include long thin 
amorphous wires or spin melt alloys available from Unitika, Allied or 
Vacuumschmelze. 

i 

5 The presence of the magnetic element is detected by a rate of change of flux 
generated by the element as it switches state between positive and negative 
saturation (and visa-versa) in the presence of a rotating uniform magnetic field. An 
alternative detection strategy employed in the art is harmonic detection. A second 
a.c. frequency at a few kHz is applied to the rotating interrogation field vector. 

w When the rotating magnetic field vector is substantially orthogonal to material 
alignment direction, the additional a.c. field causes the tag magnetisation to be 
modulated with the applied H-field. The magnetic materials are very non-linear and 
harmonics are produced. These can be detected by the receiver coils. 

15 The reader devices generate a substantially uniform rotating magnetic field in the 
interrogation zone that is primarily defined by the receiver coil sensitivity, physical 
barriers, or devices in the processing algorithms. The field can determine the 
orientation of one or more magnetic elements within the interrogation volume, 
measured relative to the orthogonal direction to the transmit field vector. The 

20 interrogation field is assumed to rotate at a constant rate and amplitude and in the 
embodiments described above this is achieved by orthogonal coils generating 
uniform fields driven by sinusoidal signals. The effect of non-uniform field 
generation will be distortions in both the amplitude and rate that the transmit vector 
rotates and this leads to errors in determining the magnetic element orientation. 

25 The coding schemes are designed with a budget for practical measurement errors 
and these are typically less than 1°. The 'gap' coding scheme improves the error 
tolerance, as the relative orientation errors are important. The errors seen in the 
interrogation rotational field vector may be analysed as harmonic errors. The first 
order errors are caused by amplitude variations between the orthogonal field 

30 generating means and deviations from orthogonal as the field varies oyer space. 
D.c. magnetic external interference also distorts the instantaneous field vector. 
Multi-element tags provide several measurement points of the actual transmit field 
vector on the tag. The coding schemes are deterministic and specific orientation 
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features can be incorporated on the tag. Using the available measurement data, the 
first order transmit field errors can be compensated. 

Alternative cpil arrangements are possible that reproduce the desired rotating 
transmit field vector. For example, a three-phase coil arrangement with three 
modified 'Helmholz' coil pairs spaced at 120° will generate a rotating field vector. 
This maybe extended to multi-phase arrangements common in motor systems. 
Figure 6 shows a field model for two coils with a magnetic screen. The screen is 
constructed from thin transformer steel wrapped around the assembly to a thickness 
of 2mm. The coil geometry is optimised to produce a uniform magnetic field. 
Other arrangements of coils generating substantially uniform fields are known in the 
art. It is also possible to synthesise uniform fields from a combination of coils 
electronically using either analogue or digital processing. 

Rotating magnetic fields can be produced by physically spinning a permanent 
magnet. Figure 51 shows one embodiment. A permanent magnet, 176, spins at 
constant angular rate, 177. An orthogonal 'figure of eight' receiver coil, 178, detects 
the magnetic response from the tag, 1. 

The receiver coil set function is to provide sensitivity to the flux produced by the 
magnetic element when interrogated by the transmit field vector. The receiver coil 
set is sensitive to the tag magnetic elements in any orientation that the elements can 
be expected. Ideally, the detected amplitude is insensitive to the element 
orientation. The receiver coils also detect magnetic field from the transmit vector 
and external sources. Many techniques known in the art to reduce the induced 
signals from these sources may be used. The coils are 'balanced' with respect to 
external 'far-field' interference. This is usually achieved by physical arrangement of 
the coils to form quadrapoles and variants. Alternatively, this function can be 
accomplished electronically or with signal processing. Rejection of the transmit 
field is similarly achieved. Like the transmit coils there is no requirement for the 
coils to be arranged in orthogonal directions. The coils can be positioned in any 
position and combined appropriately. More than three orthogonal receiver coils 
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could be used. For instance, many figure of eight receiver coils could surround the 
3-D aperture reader on the surface of the aperture. 

The receiver , coils provide sensitivity to magnetic field. Similar sensors include Hall- 
effect devices, SQUIDs, magnetoresistors and similar devices well known in the art. 

Whilst mechanical arrangements of transmit and receive coils around the three axes 
provide orthogonality in 3-D space and transmit-to-receive isolation, other 
techniques exist to provide the same feature. Many of these use signal processing to 
simulate the effect (using tensor algebra) to mix signals from various non- 
orthogonal axes and / or to subtract unwanted transmit-to-receive leakage signals. 

The transmit coils can be driven by a PWM amplifier (class TV), to reduce the size 
and power dissipation of the drive amplifiers. Such methods are well known in the 
art, and have been demonstrated on various EAS retail security systems. 

The spiral scan described above is essentially a 2D planar scan whose normal vector 
is allowed to spiral round. A single, planar 2D scan gives no information about the 
tag orientation. A single conical scan can give orientation information. Therefore, a 
scan strategy maybe devised in which a conical scan is rotated around into different 
directions and this should allow a more robust determination of the tag orientation. 
The fastest scan will be one in which three orthogonal, conical scans are carried out 
in succession. However, this may not always decode tags in every orientation, for 
example, a tag whose normal is at 45° to the three orthogonal scans. This is because 
the 'blips' from two closely adjacent tags may overlap, rendering them 
indistinguishable. Other combinations of conical scan may readily be devised to 
guarantee that one scan plane is always close enough. 

The reader systems described above allow the remote detection and orientation 
measurement of a single or plurality of magnetic elements in the interrogation 
volume. This feature of the system allows the invention to be used as a rotation 
sensor. For instance, the relative orientation between two magnetic elements 
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mounted on two independent devices could be measured. Example applications 
include torque sensing or sensing the state of a small valve. 

The relatively low frequencies used by the invention provide a unique benefit of 
5 allowing the detection of the tag through a small thickness of conductive material. 
For instance, tags may by mounted within the top of bottle screw-tops made of 
metal and read. Similarly the tags may be electron beam welded between 0.5mm 
thick non-magnetic stainless steel and successfully read. 

w The method of interrogating the magnetic element is not greatly affected by 

generation of harmonics of the interrogation field. Therefore, the use of highly 
non-linear permeable magnetic materials within the antenna structures are possible 
to reduce weight, size and power consumption of the reader systems. 

n The reader system detects the orientation of magnetic elements within the 

interrogation volume. The magnetic elements need not intersect with each other. 
In one embodiment of the tags, shown in figure 52, four pieces of 1ST thin film 
material 10mm in diameter, 179,180, 181 and 182, are placed equally around the 
circumference of a 3.5cm diameter substrate, 183. The relative orientations of these 

20 four layers determines the tag data. The material alignment directions of each layer 
are denoted by arrows, for example 184. Angles between layers are shown, 185. 
Layers 179, 180 and 181 are aligned at 17°, 43° and 99° to layer 182, respectively. 
Hence, the gap between layers 182 and 179 is 17°, between layers 179 and 180 is 26°, 
and between layers 180 and 181 is 56°. Referring to figure 17, these corresponds to 

25 gap states 2, 3 and 5, in the 2-digit coding scheme. By reference to figure 19, this 
decodes to tag number 77. 

This embodiment does not suffer from the effects of magnetic element interaction 
seen with the vertical layer stacked tags. In a further embodiment, at each site (179- 
30 1 82), the single layer film material may be replaced by a 'tag' with two or more layers 
of material, 10mm in diameter, each layer of material having a different alignment 
direction. This leads to increased data density. To further increase the data density, 
a programmable hard magnetic layer is added at each site, using the methods 
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described earlier in this disclosure. Using this arrangement, the programmed 
direction of the hard magnetic layer at each site may uniquely be determined, using 
the methods described above for decoding individual programmable magnetic tags. 
This means that data may be encoded by 'blips' distributed over a full 360°, breaking 
the 180° symmetry seen in the other data tags described above, approximately 
doubling the effective data capacity. The film magnetic material may be replaced by 
alternative directional magnetic structures as described in the prior-art, or by 
material exhibiting two 'material directions'. The embodiment is not limited to four 
'sites', or 'sites' on a circle, and can therefore be extended to arrays of multi-layer 
tags, both with and without programmable hard magnetic layers. As illustrated by 
the tag embodiments the 'sites' spacing can be as small as zero and as large as the 
interrogation volume. The inventor has determined a spacing of around one 
element diameter is sufficient to reduce interaction errors between 'sites'. 

The tags may be used as anti-counterfeit features to mark, for instance, CD's or 
bank-notes. The labels need not have any coding scheme but have a unique 
combination of features that maybe detected by the reader. 

The tags are extremely robust and survive temperatures in excess of 200°C. The 
limitation is the PET film stability of the Atalante film. The active magnetic 
material may be sputter coated onto alternative materials, for instance aluminium. 
This offers far greater temperature capability. 

The ability to read more than one tag at a time in the interrogation volume is a very 
powerful feature, and is referred to as anti-collision tag reading. The 3D-aperture 
reader has the capability to achieve effective anti-collision reading by a combination 
of several techniques, provided that the individual tags are physically separated 
and/ or at different orientations. 

The first technique involves passing the multiple tags (or tagged items) through the 
aperture at a known speed - for example, by using a conveyor. The conveyor is 
slow enough to allow multiple scans of each tag as the tags pass through. As each 
tag passes through the sensitive receiver zone, the amplitude of its detected signals 
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will have a characteristic time-dependence (i.e. from zero, up to a maximum, and 
down to zero again). Tags at different points along the length of conveyor will 
show characteristic time variations offset in time from one another. Signals from 
multiple tags, may therefore be separated by processing the received data, and 
5 grouping together signals which have matching time dependencies consistent with 
the speed of the conveyor. This provides effective tag separation as a function of 
distance along the axis of the aperture. 

Tags with different orientations that happen to pass through the aperture 
10 simultaneously may also be separated. In this case, the number of 'blips' with the 
same time variation will be too great for them to have arisen from a single tag. The 
actual number of tags required to generate this number of blips can be estimated. 
Each tag will have a set of magnetic elements lying in a plane, and can be fully 
described by a rotation matrix (defined by roll, pitch and yaw), and the angle of each 
15 layer relative to the first. Thus, a seven-layer tag could be described by three 
orientation angles and six in-plane angles. 

The responses of a set of such tags in the rotating interrogation field can be 
predicted, and compared to the measured response. As in the existing scheme, a 
20 minimisation algorithm can be used to alter the tag parameters described above to 
achieve the best match to the measured data. If the minimisation converges, the 
tags can be decoded and separated. If not, then an error can be flagged, indicating 
the number of incorrectly-scanned items, and their approximate location. 

25 A model of the tag response that includes the effect of the magnetisation of the 

elements can be incorporated into the anti-collision algorithm. This will allow more 
of the scan data to be used, and will lead to more reliable decoding, at the expense 
of increased processing requirements. 

30 Tags that both pass through the aperture at the same time and have the same 

orientation may be decoded using modified system geometries, provided they are 
physically separated, e.g. by being at different radii in the aperture. Receiver coil 
sets can be constructed with sensitivities that vary as a function of, for example, 
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radius. The amplitudes of signals from two tags at different radii will be different, 
and can therefore distinguished. Combinations of receiver coils whose sensitivities 
vary in different directions can be incorporated into the aperture reader. In this 
case, it is likely that the signals from the receiver coils will not be combined into a 
5 single composite before processing, as this will discard some useful information. 

In practice, a combination of the anti-collision features discussed above will work in 
almost all situations, expect in pathological cases, e.g. where two tags are 
sandwiched together. These situations are likely to be rare. An important feature is 
io that the decoding software will always be able to tell if some items cannot be 

scanned and the chance of accidentally missing a tagged item is very small. Physical 
re-arrangement of the items before re-scanning will probably lead to a successful 
scan 

15 Further information of the tag position can be interrogated by employing field 
gradients in the interrogation volume. Such systems are disclosed in PCT 
publication WO 96/31790. This information can be further used to enhance tag 
anti-collision. 

20 The tags or labels have their data established on manufacture, similar to optical bar 
codes. They are therefore suited to the retail labelling industry. Marking of postal 
packets or goods in warehouses, where the tag is made with 'perforations' so that it 
can be easily subdivided and hence 'cloned' is one application area. Marking of 
medical consumables such as drugs, assay vials and swabs is also possible. 

25 
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Claims 

1. A magnetic tag (1) for storing data, comprising a plurality of magnetic layers, 
each layer exhibiting a directional response to an applied magnetic field, wherein the 
relative orientation of the directional responses of the respective layers defines the 
data to be stored. 

2. A tag according to claim 1, wherein each magnetic layer comprises 
a thin film magnetically active layer on a non-magnetic layer. 

3. A tag according to claim 1 or 2, wherein the length and the width of each 
magnetic layer are comparable. 

4. A tag according to claim 3, wherein each layer is in the form of a 
substantially regular polygon. 

5. A tag according to claim 1 or 2, wherein each layer is disk-shaped. 

6. A tag according to any one of claims 1 to 5, wherein the magnetic layers 
comprise soft magnetic layers, further comprising a hard magnetic layer for 
providing a bias field whereby the tag is made programmable. 

7. A tag according to claim 6 when dependent on claim 5, wherein the diameter 
of the hard magnetic layer exceeds the diameter of the soft magnetic layers by about 
20 per cent. 

8. A tag according to any one of claims 1 to 7, wherein the angular separation 
of the orientation of the directional responses between adjacent layers is arranged in 
a predetermined progression. 

9. A tag according to claim 8, wherein the progression is an incremental 
progression. 
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10. A tag according to any one of the preceding claims, wherein each layer 
comprises an axis of easy magnetisation, whereby the layer exhibits a directional 



11. A programmable magnetic tag for storing data, comprising a plurality of soft 
magnetic elements, each of which exhibit a directional response to an applied 
magnetic field, further comprising a hard magnetic layer for providing a bias field 
(B b ) whereby the tag is made programmable. 

12. A tag according to claim 11, wherein data is stored in relation to the 
direction of a remanence field in the hard magnetic element. 

13. A tag according to claim 11 or 12, wherein the magnetic elements comprise 
a plurality of overlying magnetic layers, wherein the relative orientation of the 
directional responses of the respective layers defines the data to be stored. 

14. A method of programming a magnetic tag as claimed in any one of claims 11 
to 13, comprising the steps of applying a directional magnetic field to the hard 
magnetic element and then removing the magnetic field. 

15. A method of manufacturing a magnetic data tag, comprising arranging a 
plurality of magnetic layers, each of which exhibits a directional response to an 
applied magnetic field, at an angular orientation in relation to one another so that 
the relative orientation of the directional responses of the respective layers defines 
the data to be stored. 

16. A method according to claim 15, comprising gluing the layers onto one 
another to form a layer stack. 

17. A method according to claim 15, comprising thermal pressure welding the 
layers together to form a stack of layers. 



response to an applied magnetic field. 
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18. A method according to any one of claims 15 to 17, comprising arranging 
each layer at an angular position such that the difference between each of two 
angular positions represents data to be stored. 

i 

19. A method according to claim 18, wherein for a given sequence of angular 
position differences representing data, a reversal of the sequence represents the 
same data. 

20. A magnetic data tag manufacturing method comprising the step of dividing a 
magnetic tag sheet into two or more sections to provide a plurality of tags, the sheet 
comprising a plurality of substantially planar magnetic layers, each layer exhibiting a 
directional response to an applied magnetic field, in which the layers are oriented in 
relation to one another so that the relative orientation of their respective directional 
responses defines the data to be stored. 

21. A magnetic data tag reader comprising: 

means for generating a rotating magnetic field in an interrogation volume, and 
magnetic field detection means for detecting a magnetic data tag in the interrogation 
volume, comprising first and second receive coil pairs disposed around the 
interrogation volume, each of the coil pairs being arranged to be balanced, such that 
no net emf is induced across the coil pairs by the rotating magnetic field. 

22. A reader according to claim 21, wherein the rotating field generating means 
comprises a rotating permanent magnet. 

23. A reader according to claim 21 or 22, wherein the rotating field is at 
substantially one frequency. 

24. A reader according to claim 23, wherein the frequency is less than 1kHz. 

25. A magnetic tag reader for reading a multi-layer magnetic data tag, 
comprising: 



BNSDOCID: <WO 993561 OA 1 < > 





WO 99/35610 



PCT/GB99/00081 



-48- 



transmit coils configured as thin, flat solenoids for generating a rotating magnetic 
field, and 

a receive coil arrangement mounted about the thin plane of the solenoids, with 
substantially zero coupling to the rotating field. 

26. A reader according to claim 25, wherein the transmit solenoids are 
constructed on a permeable core. 

27. A reader according to claim 25 or 26, further comprising means for 
determining the inclination of the tag in relation to the plane that contains the 
magnetic axes of the solenoids. 

28. A reader according to claim 27, wherein the inclination detection means 
includes means for generating a conical scan field. 

29. A method of interrogating a multi-layer magnetic data tag using a rotating 
interrogation field, wherein each layer of the tag generates two responses for every 
360 degree rotation of the field, the responses being separated by a nominal gap, 
comprising determining the deviation of the gap between two responses from the 
same layer, from the nominal gap between the responses. 

30. A method according to claim 29, wherein the nominal gap is 180 degrees. 

31. A method according to claim 29 or 30, further comprising the step of 
rejecting an output response from the interrogation field if the deviation exceeds a 
predetermined threshold. 

32. A method of interrogating a magnetic data tag according to any one of claims 
1 to 10, comprising generating a rotating magnetic field in an interrogation volume 
containing the data tag, receiving a signal representing the relative orientations of 
the magnetic layers which comprise the data tag and decoding the signal to decode 
data encoded on the tag. 
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33. A method of reading data stored on a magnetic tag comprising a plurality of 
magnetic elements, each element exhibiting a directional response to an applied 
magnetic field, wherein the relative orientation of the directional responses of the 
respective elements ^defines a code sequence representing the data when the tag is 
read in one direction, comprising the step of processing the code sequence to 
produce a data output. 

34. A method according to claim 33, wherein the relative orientation of the 
directional responses of the respective elements define an inverse code sequence 
representing the data when the tag is read in the other direction, comprising the step 
of processing the code sequence and the inverse code sequence to produce the same 
data output. 

35. A magnetic data tag comprising a plurality of magnetic elements for use in 
the method of claim 33 or 34. 

36. Apparatus for reading a magnetic data tag which is arranged in any spatial 
orientation, the tag comprising a plurality of magnetic elements, each element 
exhibiting a directional response to an applied magnetic field, comprising: 
means for generating an interrogation field to read the tag; 

means for detecting the response of the tag to the interrogation field; and 
means for determining the orientation of the tag. 

37. Apparatus according to claim 36, wherein the generating means comprises a 
coil arrangement for generating a uniform interrogation field over substantially the 
whole of the region in which the detecting means can detect the tag response. 

38. Apparatus according to claim 36 or 37, comprising means for generating a 
uniform interrogation field in three orthogonal directions. 

39. Apparatus according to any one of claims 36 to 38, further comprising means 
for processing the response received at the detecting means to simulate the effect of 
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a tag detector coil rotating in a direction of the derivative of the instantaneous 
interrogation field vector with respect to time. 

40. Apparatus according to any one of claims 36 to 39, further comprising means 

i 

for monitoring the direction of the interrogation field. 

41. Apparatus according to any one of claims 36 to 40, wherein the interrogation 
field is substantially at one frequency. 

42. Apparatus according to claim 42, wherein the frequency is less than 1kHz. 
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Figure 10 
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